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ABSTRACT 
The SI-4 strain of Borrelia burgdorferi obtained from field collected Ixodes 
scapularis on Sapelo Island, Georgia, was infective to seven of eight cotton mice 
(Peromyscus gossypinus) by needle inoculation. I. scapularis larvae were then 
fed on them, and nymphs molting from these larvae were then fed on laboratory 
mice, Mus musculus, in an attempt to transmit the spirochete. One of three mice 
was successfully infected; confirmation of the presence of B. burgdorferi was 
made using BSK II culture and the polymerase chain reaction (PGR). A 
subsequent attempt was made to determine if SI-4 was infective for Eumeces 
spp. skinks, a common host to /. scapularis immatures and a potential reservoir 
host for B. burgdorferi in the southeastern United States. Skinks were inoculated 
with the SI-4 isolate by needle and also by feeding potentially infected ticks on 
them. Subsequent attempts to determine presence of the spirochete in these 
skinks using PGR assay of their organs were inconclusive. 
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INTRODUCTION 
Lyme borreliosis, commonly known as Lyme disease, is a zoonosis 
found in animals and presents problems to humans when infectious ticks feed 
on them. This has happened frequently during recent years as North 
Americans have become more outdoor-oriented (Barbour & Fish 1993). 
Clinical manifestations of Lyme disease are variable. The most common 
symptoms are flu-like episodes, erythema migrans, arthritis, facial palsy, short- 
term memory loss, inattentiveness, fatigue, numerous other neurological, 
cardiovascular and general disorders. The wide range of symptoms is one 
reason Lyme disease is frequently misdiagnosed and has been referred to as 
the "Great Imitator" (Bailey & Oliver 1989). The difficulty in diagnosing Lyme 
disease is indicative of the type of confusion encountered when dealing with 
other aspects of Lyme disease. Enough controversy exists in the area of Lyme 
disease to warrant a paper (Barbour & Fish 1993) devoted to the 
socioeconomic consequences of the disease on the United States population. 
There is a dearth of information pertaining to Lyme disease in many areas of 
the world, particularly in the southeastern United States. 
Lyme disease has become the most frequently diagnosed tick- 
transmitted illness in the United States and probably the world (Habitch et al. 
1987). In 1991, 9465 cases of Lyme disease were reported in the United 
States (Centers for Disease Control & Prevention 1992). Lyme disease is 
caused by the spirochete Borrelia burgdorferi Johnson, Schmid, Hyde, 
Steigerwalt and Brenner (Burgdorfer et al. 1982, Burgdorfer 1984, Johnson et 
] 
al. 1984) and is transmitted almost exclusively by ticks of the Ixodes ricinus 
species complex (Magnarelli et al. 1986a, Oliver 1989, Lane et al. 1991, 
Keirans et al. 1992). 
THE LYME DISEASE BIOCOENOSE 
To deal effectively with a disease, all factors contributing to it should be 
fully understood. In the case of vector-borne diseases, there are three basic 
components necessary for the disease to flourish: vectors, hosts, and the 
causative agent. Hosts include both reservoir and non-reservoir types. A 
significant amount of variation exists for all three of these components among 
geographic regions, and this contributes to the complexity of Lyme disease. 
For example, the primary hosts for tick vectors may vary between regions, the 
species of tick vectors vary, and numerous other variations exist including tick 
ecology and molecular differences in spirochete strains. 
VECTORS 
Lyme disease is known to be vectored by ixodid ticks (Burgdorfer et al. 
1982; Anderson & Magnarelli 1984) and possibly by other arthropods 
(Magnarelli et al. 1986a, Piesman 1989, 1992; Lane et al. 1991, Teltow et al. 
1991). Non-tick arthropods have been found to harbor spirochetes but have not 
been demonstrated to transmit the spirochetes to a host. These arthropods 
include various species of deer flies, horse flies, mosquitoes and the cat flea 
(Ctenocephalides felis), as well as ticks belonging to other genera (Rawlings 
1986, Teltow et al. 1991, Magnarelli & Anderson 1988, Luger 1990). The 
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known vectors of B. burgdorferi to humans in North America are Ixodes 
pacificus Cooley & Kohls in the western United States (Burgdorfer et al. 1985) 
and Ixodes scapularis (formerly Ixodes dammini Spielman, Clifford, Piesman & 
Corwin) in the eastern United States. Until recently, I. dammini was thought to 
be the vector in the northeast and northern midwest (Spielman et al. 1979, 
Spielman et al. 1985, Godsey et al. 1987). However, /. dammini was recently 
synonymized and reduced to a junior subjective synonym of Ixodes scapularis 
Say (Oliver et al. 1993b). Southern I. scapularis has been shown to be a 
competent laboratory vector (Burgdorfer & Gage 1986, Piesman & Sinsky 1988, 
Piesman 1992, Oliver et al. 1993c) and recently reported to be naturally 
infected in Georgia (Oliver et al. 1993c). Ixodes cookei Packard (Hall et al. 
1991) has been incriminated in one case of Lyme disease transmission in West 
Virginia, although further work is necessary to determine the efficiency of 
transmission by this tick. Ryder et al. (1992) were unable to demonstrate 
transmission with I. cookei. 
In addition to vectors which transmit the spirochetes to humans, several 
other species are involved in enzootic cycles occurring in North America. 
Ixodes neotomae is an enzootic vector of B. burgdorferi to woodrats in 
California (Brown & Lane 1992) and Ixodes dentatus transmits B. burgdorferi to 
cottontail rabbits in the northeastern United States (Anderson et al. 1989, 
Telford & Spielman 1989). Similar enzootic cycles may occur in the 
southeastern United States involving Ixodes dentatus and cottontail rabbits 
(James H. Oliver, Jr., personal communication). B. burgdorferi has recently 
been isolated from Ixodes spinipalpis and its enzootic hosts, western woodrats 
(Neotoma fuscipes) and Mexican woodrats (Neotoma mexicana) from widely 
separated geographical areas (Craven & Dennis 1993). 
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HOSTS 
Enzootic cycles complicate the Lyme disease problem by perpetuating 
the spirochetes in a natural cycle which usually do not involve humans. The 
enzootic cycles present a threat when human-feeding vectors feed upon 
infected enzootic hosts and subsequently feed on humans. Another 
complication to the overall understanding of Lyme disease involves cycles with 
hosts which either are not competent reservoirs or which maintain a low 
spirochetemia. There is considerable controversy regarding the reservoir 
capability of certain hosts. For example, the white-tailed deer, Odocoileus 
virginianus, appears to be an incompetent reservoir in New England (Telford et 
al. 1988). However, based on laboratory transmission experiments and PGR 
analysis, O. virginianus has been shown to be reservoir-competent for up to 69 
days with a larval infection rate of 11.1% using two different B. burgdorferi 
strains from the northeast (Oliver et al. 1992, Luttrell et al. 1994). In a recent 
survey for antibodies to B. burgdorferi in Georgia, there was a 36.1% 
seroprevalence in deer on barrier islands (Mahnke 1991), indicating prior 
exposure to the spirochetes. 
The immatures of northeastern populations of /. scapularis feed primarily 
on Peromyscus leucopus Rafinesque, the white-footed mouse (Bosler et al. 
1984, Levine et al. 1985). It is also a highly competent reservoir host to B. 
burgdorferi (Anderson & Magnarelli 1984). The immatures of southeastern 
populations of /. scapularis feed on small mammals, reptiles, and birds (Rogers 
1953, Lavender 1985, Oliver 1989, Lane et al. 1991)-although reptiles 
(primarily skinks) are reported to be the principal hosts for immature stages of I. 
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scapularis in northern Florida (Rogers 1953) and Georgia (Oliver et al. 1993a) 
and probably throughout the southern United States. The abundance of 
individual species of skinks varies within the southeast according to habitat. 
Based on museum samples, southeastern populations of immature I. scapularis 
infest Eumeces species lizards with an overall prevalence of 14.0% and 
Ophisaurus species lizards have a prevalence of 29.0% (Oliver et al. 1993a). 
Mean intensity of larvae and nymphs averaged 8.5 and 2.4, respectively, for 
Eumeces; and 6.3 and 1.4, respectively, for Ophisaurus (Oliver et al. 1993a). 
Field captured lizards from St. Catherines Island, Georgia, had a prevalence of 
80% (Lance A. Durden, unpublished), and all of the 16 specimens collected 
from St. Catherines Island during research for this thesis were infested. 
Peromyscus gossypinus, the cotton mouse, fills the same ecological 
niche in parts of the southeast as does P. leucopus in the northeast. Moreover, 
P. gossypinus has been shown to be a reservoir host to B. burgdorferi in the 
southeastern United States (Oliver et al. 1993c). The situation in Georgia 
corresponds to the tick-host relationship in the western United States where 
immature /. pacificus infest lizards at a much greater rate than they do deer 
mice or pinyon mice (Lane & Loye 1989). Interestingly, P. gossypinus does not 
appear to be infested by immature /. scapularis as heavily as P. leucopus 
(Apperson et al. 1993). 
The abundance of a vertebrate species is one potentially important factor 
in its role as a reservoir host to a pathogen, and frequent tick attachment to that 
reservoir host (if abundant) maximizes the possibility of transmission of a tick- 
borne pathogen. I. scapularis is abundant in the southern half of the United 
States (Rogers 1953, Goddard 1986, Durden & Oliver, 1993) and has been 
shown to be an excellent laboratory vector of B. burgdorferi (Piesman & Sinsky 
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1988, Oliver et al. 1993c). However, data from one paper suggest that the rate 
of spirochetal infection in nature is low: 0.4% in North Carolina (Magnarelli et al. 
1986b), while more recent data show an infection rate of 20% on the Outer 
Banks of North Carolina (Levine et al. 1993). The abundance of the white- 
footed mouse, frequency of attachment of immature I. scapularis, and scarcity 
of skinks may account for the importance of P. leucopus as a reservoir host to 
B. burgdorferi in the northeast. It remains to be determined if a single 
vertebrate species plays a comparable role in the southeastern United States. 
Animals which serve as host to the vector ticks and do not act as 
reservoirs to the spirochetes are also important. These hosts include various 
species of mammals, reptiles, and birds (Rogers 1953, Manweiler et al. 1990) 
and support large numbers of immature ticks by providing blood meals, thereby 
assisting them in reaching maturity (Lane 1990). Bird hosts are often migratory 
and are capable of, and possibly responsible for, dispersing infected immature 
ticks over large geographic regions-thus spreading B. burgdorferi to previously 
uninfected areas (Manweiler et al. 1990). 
SPIROCHETES 
One method of detecting the presence of B. burgdorferi is through use of 
monoclonal antibodies which react to specific proteins. Two such proteins are 
OspA and OspB located on the outer surface of B. burgdorferi (Barbour et al. 
1985). Some strains of B. burgdorferi do not react to OspA monoclonal 
antibodies (Bissett & Hill 1987), some strains react only to OspB monoclonal 
antibodies, and others react to neither (Bissett & Hill 1987). Strain DN127-CI9- 
2 isolated from I. pacificus in California did not react unequivocally to any of the 
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monoclonal antibodies normally used for characterization of strains found in the 
United States (Bissett & Hill 1987). Conversely, this strain did react similarly to 
strains isolated from the cerebrospinal fluid of a Lyme disease patient in the 
Federal Republic of Germany and from Ixodes ricinus in Sweden (Wilske et al. 
1986). For this reason, it is prudent to search for strains other than those which 
react to OspA or OspB monoclonal antibodies and to develop reliable and 
economical assays for their detection. Some of the strains isolated from the 
southeastern United States contain an additional low molecular weight protein 
band on SDS-PAGE gels when compared to most northeastern strains (Oliver 
et al. 1993c). Genetic differences in southeastern strains may account for 
lower numbers of reported human cases in this and other regions in which 
atypical strains of B. burgdorfeh exist. 
POTENTIAL OF LIZARDS AS RESERVOIR HOSTS 
Lizards in the western United States are frequently fed upon by 
immature I. pacificus, but only the western fence lizard, Sceloporus 
occidentalis, has been investigated as a potential reservoir host to B. 
burgdorfeh in the United States (Lane & Loye 1989, Lane 1990). This lizard 
was an incompetent reservoir, although one specimen apparently developed a 
short-term spirochetemia (Lane 1990). The exact role of lizards as reservoirs 
for B. burgdorfeh is unknown but, by providing immature stages of ticks with 
blood meals, they contribute significantly to the tick population (Lane 1990). 
Larvae and nymphs of /. scapularis are found concurrently during late 
spring, summer, and early fall in southeastern United States and are sometimes 
found simultaneously on the same host (Rogers 1953, Lavender 1985, Oliver et 
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al. 1993a). Besides the obvious potential for lizards to serve as reservoirs, 
simultaneous feeding of larvae and nymphs might allow an infected nymph 
feeding adjacent to an uninfected co-feeding larva or nymph to transfer the 
spirochetes. This would be a form of lateral transmission. This form of lateral 
transmission is known to occur with various tick-arboviruses (Jones et al. 1987, 
Gordon et al. 1993) 
At present, there is very little information available on tick/lizard 
relationship from the southeastern United States and no information on the 
tick/lizard/spirochete relationship. The following points support the hypothesis 
that skinks of the genus Eumeces would be important in the Lyme disease 
cycle if they can harbor B. burgdorferi: 1. Eumeces laticeps and Eumeces 
inexpectatus are abundant in the southeast (Rogers 1953, Apperson et al. 
1993); 2. They are active throughout most of the year and are most active 
during spring and summer, the seasons in which immature I. scapularis are 
most active (Rogers 1953, Lavender 1985, Oliver et al. 1993a); 3. A large 
percentage of these lizards are infested with immature I. scapularis (Rogers 
1953, Lavender 1985, Apperson et al. 1993, Oliver et al. 1993a); 4. E. laticeps 
does not express acquired resistance to repetitive feeding by larval I. scapularis 
and the ticks that feed on skinks imbibe more blood than those fed on all other 
hosts tested (Galbe & Oliver 1992). Tick feeding success, engorgement 
weight, and molting success are three factors most often used to measure host 
resistance (Allen 1989, Galbe & Oliver 1992); 5. Larval I. scapularis showed a 
significant host preference for mice over lizards in laboratory experiments, but I. 
scapularis nymphs showed no preference between mice and lizards (James & 
Oliver 1990). 
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It is unknown if lizards can acquire and maintain B. burgdorferi. As 
poikilotherms, their blood temperature and chemical and immunological 
characterisitics presumably vary depending on the external environment. 
Perhaps lizards acquire spirochetes at one temperature and suppress them at 
another. Lizards respond on initial exposure to a variety of antigens with the 
production of antibodies (Gans & Parsons 1970). This immune response is 
also known to be temperature dependent. Some species of lizards produce 
high numbers of antibodies to Salmonella typhosa at 350C, but produce fewer 
antibodies at 25 and 400C (Gans & Parsons 1970). 
Population estimates of skinks from the southeast are not available. Due 
to the sporadic clustering of skinks in nature, accurate population estimates are 
difficult to obtain. Visual observation and attempts to capture specimens for 
this study suggest large populations of skinks, especially on the barrier islands 
of Georgia. The abundance of lizards and the frequency of attachment of 
immature I. scapularis need to be determined as does the potential of lizards to 
serve as reservoirs to B. burgdorferi in the southeast. If Eumeces species can 
indeed serve as reservoirs to B. burgdorferi, the epizootiology of Lyme disease 
in areas in which these skinks occur might be significantly different than in 
regions with cooler climates and fewer skinks. If experimentation indicates that 
Eumeces species cannot serve as reservoirs to B. burgdorferi, this may be one 
explanation for the lower number of reported cases of Lyme disease in this 
region compared to those reported in the northeastern United States. 
The primary purpose of this thesis research was to determine if the 
Sapelo Island isolate (SI-4) of Borrelia burgdorferi from Ixodes scapularis could 
infect cotton mice (Peromyscus gossypinus), laboratory albino mice (Mus 
musculus), and skinks (Eumeces spp.) from the southeastern United States. A 
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secondary goal was to investigate whether lateral transmission of the SI-4 
isolate occurred between ticks feeding simultaneously on a host. In the first 
experimental group, cotton mice were inoculated with B. burgdorferi. Lan/al I. 
scapularis ticks were subsequently fed upon the mice and allowed to molt to 
nymphs. The potentially infected nymphs were then fed on laboratory mice and 
skinks in an attempt to determine infectivity and tick transmission. The 
possibility of lateral transmission, infection of an uninfected tick by an adjacently 
feeding infected tick, was also performed with this group. Another experimental 
group consisted of skinks that were inoculated directly by needle injection with 
B. burgdorferi to investigate their susceptibility to infection with B. burgdorferi. 
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A laboratory colony of Peromyscus gossypinus was established from 
mice collected in Bulloch County, Georgia. The mice were determined to be 
spirochete-free by culturing ear wedge biopsies. The biopsies were placed into 
Barbour-Stenner-Kelly II (BSK II) medium (Barbour 1984), incubated at 34.0oC 
under microaerophilic conditions in an incubator (Precision Scientific Inc., 
Chicago. IL), and checked weekly for six weeks. At the end of this time, 
negative cultures indicated that the mice were free of spirochetes. Subculturing 
was performed as needed whenever a color change in the medium indicated 
acidic conditions or bacterial or fungal contamination. Experimental Group 1 
Mice (EG1M 1-12), were inoculated with B. burgdorferi (strain SI-4) by needle 
injection and served as infected animals for subsequent tick feeding. Mice 
were inoculated with 0.25 to 0.50 ml of B. burgdorferi spirochetes suspended in 
BSK II medium. The amount injected per mouse was weight-dependent (Table 
1). The inoculum contained approximately 4 X 10? to 1 X 10® spirochetes/ml. 
Injections were divided equally with one given as a subcutaneous inoculation 
ventrally, just behind the front leg; the other was an intraperitoneal inoculation. 
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After an incubation period of four weeks ticks were fed on the mice. Water and 
a varied diet of seeds, fruit, lab chow (Purina Mills, St. Louis, MO), and crickets 
were given ad libitum to mice throughout the experiment. After a minimum of 
six weeks, the mice were necropsied and the following organs were cultured for 
B. burgdorferi and for use in polymerase chain reaction (PGR) assays: ear 
wedges (consisting of a V-shaped section extending to the center of the 
external ear), spleen, bladder, heart, and kidney. 
MUS MUSCULUS 
Naive laboratory white Mus musculus (M.m. 1-9) were used for three 
separate xenodiagnostic portions of the experiment and were designated as 
follows: M.m. 1 -3 were fed on by ticks from the first experimental group which 
had fed on EG1M (the needle inoculated P. gossypinus mice) as larvae. M.m. 
4-6 were fed on by nymphs that molted from larvae feeding next to potentially 
infected nymphs in the EG1L study to see if transmission occurred between 
ticks. M.m. 7-9 were fed on by nymphs which, as larvae, fed on the second 
experimental group (EG2L, the injected lizards). Numbers and origins of ticks 
placed on these hosts are shown in Table 2. Within each group of mice (M.m. 
1-3, 4-6, 7-9), ticks were randomly mixed and divided among the mice (Table 
2). M.m. 1-9 were necropsied five weeks after the ticks completed feeding. Ear 
wedges and bladders were cultured for spirochetes; positive cultures were 
analyzed by PGR assay for presence of B. burgdorferi. 
White Mus musculus mice were given water and lab chow (Purina Mills) 
ad libitum throughout the experiment. Peromyscus gossypinus and M. 
musculus were maintained at 260C, 55% RH, and a photoperiod of 14:10 (L:D) 
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h during periods when tick-free; and were kept under identical conditions as 
lizards during tick feeding portions of the experiment. Tick feeding on both 
species of mice was performed using a modification of the method used by 
James & Oliver (1990). Numbers and developmental stages of ticks placed on 
individual hosts are shown in Table 2. 
LIZARDS 
Most of the lizards used in this study were Eumeces inexpectatus, but 
some Eumeces laticeps were used to provide larger total numbers. All lizards 
obtained for this study were captured by hand on St. Catherines Island, Liberty 
County, Georgia. All specimens were infested with immature I. scapularis ticks 
at the time of capture and were maintained in the laboratory over water until 
tick-free. Water, crickets, termites, and mealworms were given ad libitum to 
lizards throughout the study. Vitamins (Tetra Co.) were administered weekly as 
a supplement. During periods in which ticks were placed on lizards, the lizards 
were maintained at 280C, 55% RH, and a photoperiod of 14:10 (L:D) h. The 
method of feeding ticks on lizards was a modified form of that used by James & 
Oliver (1990). The number and developmental stages of ticks placed on 
individual hosts (Table 2) varied according to specimen size, with fewer ticks 
placed on smaller animals to avoid the possibility of killing the hosts (E. 
inexpectatus is considerably smaller than E. laticeps). When tick-free, all 
lizards were maintained in an environmental chamber (Rheem Manufacturing 
Co., St. Louis, MO) on photoperiod and temperature cycles approximating 
those of April through August in Georgia (Table 3). Open containers of water 
were kept in the environmental chamber to maintain relative humidity at 
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approximately 60%, to simulate that of the southeastern United States during 
the period of this study. Although the relative humidity is extremely variable 
and generally averages 50-95% during the summer months (Georgia Southern 
University Weather Station, Daniel B. Good, personal communication), 60% 
was the highest attainable in the chamber. 
Experimental Group 1 Lizards (EG1L 1-4), were fed on by nymphs which 
previously fed as larvae on spirochete inoculated P. gossypinus mice (EG1M 1 - 
12). To determine if lateral transmission occurred, uninfected larvae were 
placed on the lizards at the same time as the potentially infected nymphs. 
Experimental Group 1 Lizards (EG1L 1-4) were necropsied 9 wk after the ticks 
completed feeding. 
Experimental Group 2 Lizards (EG2L 1-12) were needle inoculated as 
follows. Lizards were placed in a refrigerator at 40C for 45 min followed by 0oC 
for 15 min. Then, EG2L 1-4 (negative controls) were injected with 0.20 ml BSK 
II media, split equally subcutaneously (SC) and intraperitoneally (IP). The SC 
inoculation was ventral, just behind the front leg. EG2L 5-12 were injected with 
0.20 ml of the SI-4 isolate of B. burgdorferi (7 X 107 spirochetes/ml) in the same 
manner as the controls. All filled syringes were placed in the refrigerator at 40C 
for 15 min to allow the medium to equilibrate to reduce shock to the spirochetes 
when injected into the chilled lizards. Larval /. scapularis ticks (Table 2) were 
placed on the lizards 6 wk after inoculation. All of the Experimental Group 2 
Lizards (EG2L 1-12) were necropsied 9 wk after needle inoculation with B. 
burgdorferi. 
The liver, spleen, heart, and bladder of individuals from both groups 
were preserved in 10% neutral buffered formalin (Sigma Chemical Co., St. 
Louis, MO) for later attempts to idetermine the presence of B. burgdorferi by 
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PGR assay. For a few specimens in both groups, the bladder and, in rare 
cases, the spleen could not be located due to atrophy or small body size, and 
therefore could not be presen/ed for assay. No culture attempts were made on 
lizard organs because prior attempts contained severe bacterial contamination. 
TICKS 
Ixodes scapularis ticks used were from a laboratory colony which 
originated from Bulloch County, Georgia. When not feeding, ticks were 
maintained at 27cC and 97.5% RH (Winston & Bates 1960) under similar 
conditions as those used by James & Oliver (1990). Although transovarial 
transmission of B. burgdorferi is extremely low (Magnarelli et al. 1987, Piesman 
et al. 1986) and the larvae used in this research were from a laboratory colony, 
representative samples of larvae (n = 100-200) from each group were tested for 
B. burgdorferi by PGR assay to ensure that they contained no B. burgdorferi. 
When sufficient numbers of ticks were available, samples of ticks from each 
experimental group of animals were preserved in 10% buffered formalin or 
maintained alive in desiccators for later PGR analysis. Representative samples 
of larvae were preserved in formalin 15 d after feeding in an attempt to capture 
larvae at their highest mean spirochetal infection rate (Piesman et al. 1990). 
SPIROCHETES 
First passage spirochetes (SI-4) used in this experiment originated from 
a male /. scapularis tick collected on Sapelo Island, Mclntosh County, Georgia 
(Oliver et al. 1993c). The original isolate of SI-4 from the midgut and other 
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tissues of the tick had significant bacterial contamination. The contaminated 
isolate was injected into a P. gossypinus mouse to obtain a pure culture of the 
SI-4 isolate. It was subsequently reisolated from various organs and frozen at 
-80oC. A first passage isolate from ear clips from this P. gossypinus mouse 
was used in this study to ensure high infectivity. 
ISOLATION AND IDENTIFICATION OF SPIROCHETES 
CULTURE 
Attempts to isolate or identify spirochetes were performed by necropsy of 
the mice followed by placing one half of various internal organs (Tables 4 and 
5) into BSK II medium and then mincing the tissue using sterile scalpel and 
forceps. Fifty ml of the supernatant from each organ suspension was placed 
into a 5.0 ml culture tube containing 4.5 to 4.8 ml of BSK II medium and 
incubated at 340C under microaerophilic conditions. All cultures were 
maintained for six weeks at which time, if no spirochetes were present, the 
cultures were considered to be negative. Subculturing was performed as 
needed due to spirochete growth, contamination, or pH change of the medium 
as indicated by a color change. Isolates obtained were frozen at -80oC and 
later tested by PGR assay. The remaining half of each organ not inoculated 
into BSK-II medium was placed into 10% neutral buffered formalin (Sigma) for 
analysis by PGR assay. Dead ticks were stored in 10% buffered formalin and 
assayed by PGR using a modification of the procedure described by Persing et 
al. (1990). 
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POLYMERASE CHAIN REACTION ASSAY (PGR) 
Samples were removed from the 10% neutral buffered formalin solution, 
placed in a microcentrifuge tube, covered with 25 (il of TE buffer (10 mM Tris 
pH 7.4, 0.5 mM EDTA) and thoroughly ground using a sterile pipet tip inserted 
over a glass stirring rod. The homogenate was heated at 100oC for 10 min, 
then cooled to room temperature. The homogenates were then digested by 
adding an additional 25 pi of TE buffer containing proteinase K (Sigma, 
Protease) at 2 mg/ml and heated at 370C for 3 hr. Proteinase digestion was 
inactivated by heating the homogenates at 100oC for 5 min and then placing 
them on ice until cooled. The samples were then centrifuged at 600 X gfor 
approximately 60 s to sediment debris. 
Gene-Amp reagents (Perkin-Elmer Cetus Co., Norwalk, CT) were used 
in the PGR mixture containing 10 mM Tris-HCI (Ph 8.3), 50 mM KCI, 2.0 mM 
MgCl2, 200 |iM each of the deoxynucleotide triphosphates, 2.5 units of Taq 
DNA polymerase and 50 pmol each of primers A and C. Primers A and C 
supplied by Patricia Rosa were used to amplify a 370-bp conserved 
chromosomal target sequence (Rosa & Schwan 1989). Primers A and C 
consisted of the following bases: Primer A-51 CGA AGA TAC TAA ATC TGT 
3', and Primer C-51 GAT CAA ATA TTT CAG CTT 3' (Rosa & Schwan 1989). 
Components of the PGR mixture were combined as a working solution of which 
45 |il was added to a 0.6 ml microcentrifuge tube. Five ml of sample was then 
added to each tube and vortexed to thoroughly mix. Amplification of the 
conserved chromosomal target sequence was performed using an automated 
DNA thermal cycler (Perkin-Elmer Cetus). Denaturing was performed at 940C 
for 1.0 min, annealing at 37cC for 30 s, and extension at 60oC for 1.0 min for a 
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total of 30 cycles. This 30 cycle program produces greater than 500 X 10^ fold 
amplification of B. burgdorferi DNA. Ten |il of the PCR amplified products were 
electrophoresed on 2% agarose gels and stained with ethidium bromide. Fifty 
ng of pure genomic B-31 reference strain B. burgdorferi DNA was used as a 
positive control for each PCR assay and sterile deionized water was used as a 
negative control. A DNA size standard OX174 RF DNA/Hae III (Gibco BRL, 
Gaithersburg, MD) consisting of sizes from 72-1353-bp as six well-defined 
bands was used for each gel. Polaroid photographs of the ultraviolet 
transilluminated gels were taken for permanent record. Repeat assays were 
performed as necessary whenever samples were available from fresh tissue or 
tissue frozen at -80oC . 
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RESULTS 
ATTEMPTS TO INFECT PEROMYSCUS GOSSYPINUS MICE WITH THE SI-4 
STRAIN 
Seven of eight Peromyscus gossypinus mice (EG1M 2, 3, 4, 5, 6, 9, and 
11) injected with the SI-4 isolate of B. burgdorferi by needle in Experimental 
Group 1 (EG1M 1-12) yielded B. burgdorferi isolates from ear wedge cultures. 
EG1M6 yielded additional isolates from the bladder and heart, and EG1M9 
yielded an isolate from the spleen (Table 4). Only EG1M 10 organ cultures 
failed to produce an isolate when contamination was not encountered. EG1M 
1, 7, 8, and 12 died prematurely and attempts to obtain isolates failed because 
of bacterial and fungal contamination. EG1M 9-12 were injected as 
replacements for EG1M 2, 3, 5, 7, and 8 which died prematurely, so that 
adequate numbers of infected mice would be available for later tick feeding. 
Gels from PGR assays showed distinct DNA size standards, distinct 
banding of B. burgdorferi B-31 DNA (positive control), no banding for the 
negative control nor from EG1M 7, 8, or 9 (Figure 1). EG1M 2 was positive 
from ear wedge culture (Table 4), but negative on the first PGR analysis. 
However, it was positive for B. burgdorferi by PGR on a repeat assay (Figure 
2). EG1M 5 and EG1M 11 ear wedge isolates were positive on the first assay 
(Figure 3). No organs from the EG1M 1-12 group gave a positive PGR assay 
result when organ tissue was assayed, although as noted above most were 
positive based on BSK II culture. 
19 
TRANSMISSION OF SI-4 FROM PEROMYSCUS GOSSYPINUS MICE TO 
MUS MUSCULUS MICE 
Mus musculus mice (M.m. 1-3) that were fed on by nymphs molting from 
larvae that had fed on infected P. gossypinus mice were tested for the presence 
of B. burgdorferi by culturing ear and bladder tissue. Ear and bladder cultures 
from M.m. 3 yielded positive cultures (Table 5). All M.m. 1 and M.m. 2 cultures 
were negative after six weeks (Table 5). The isolate obtained from the ear 
wedge from M.m. 3 was positive by PGR assay (Figure 2). Only the bladder 
from M.m. 3 yielded positive results when actual organ tissue was assayed by 
PGR and only on the second assay (Figure 2). 
TRANSMISSION BETWEEN CO-FEEDING IXODES SCAPULARIS 
IMMATURES 
M.m. 4-6 were fed on by nymphs that molted from larvae in the lateral 
transmission study. All cultures from M.m. 4-6 were negative after six weeks 
(Table 5). 
ATTEMPTED TRANSMISSION OF SI-4 FROM EUMECES LIZARDS TO MUS 
MUSCULUS MICE 
M.m. 7-9 were fed on by nymphs that molted from larvae from the lizards 
inoculated with B. burgdorferi (EG2L 5-12). All cultures from M.m. 7-9 were 
negative after six weeks (Table 5). 
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ATTEMPTS TO CONFIRM PRESENCE OF BO RR ELI A BURGDORFERI IN 
LIZARDS AND TICKS BY PGR ASSAY 
No lizard organs or ticks were cultured. None of the lizard organs 
showed the presence of B. burgdorferi using PCR assay. None of the ticks 
assayed by PCR were positive for B. burgdorferi despite repeated runs on 
some samples. None of the ticks assayed by PCR yielded positive results 
when preserved in buffered formalin or when living ticks were killed immediately 
prior to assay. 
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DISCUSSION 
INFECTIVITY OF PEROMYSCUS GOSSYPINUS MICE TO THE SI-4 STRAIN 
Seven of eight of the non-contaminated cultures from isolates were 
obtained from the twelve P. gossypinus Experimental Group 1 mice (EG1M 1- 
12) originally inoculated with the SI-4 strain of B. burgdorferi spirochetes. This 
demonstrates that the SI-4 strain was infectious to cotton mice by inoculation 
and confirms previous results obtained with this strain (Oliver et al. 1993c). 
Two mice (EG1M 3 & 5) died prior to the end of the 4 wk incubation period 
scheduled for tick feeding, so these two mice could not be used for tick feeding. 
Nevertheless, spirochetes were cultured from ear wedges from these two mice 
at autopsy after only 13 and 15 d post-injection, respectively. This 
demonstrates rapid movement and/or replication of spirochetes in the mice 
since inoculations were made ventrally behind the front legs and 
intraperitoneally. Culture attempts from four of the five mice that did not yield 
isolates were unsuccessful because of bacterial and fungal contamination. All 
four cultures lost to contamination originated from mice (EG1M 1, 7, 8, 12) that 
died prior to the planned necropsy date and were found 8-24 h after death. 
Onset of tissue decay may account for the contamination of these cultures. 
Uncontaminated cultures from only one inoculated mouse (EG1M 10) failed to 
grow spirochetes after six weeks allowed for incubation. 
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TRANSMISSION OF THE SI-4 STRAIN TO MUS MUSCULUS 
Successful transmission of the SI-4 strain from the EG1 Mice to one of 
three M. musculus by I. scapularis ticks was the first documented tick 
transmission of this strain (Table 5). B. burgdorferi was isolated from one 
individual (M.m. 3) from the M. musculus group (M.m. 1-3) fed on by ticks from 
EG1 Mice (Table 5). This mouse also tested positive for B. burgdorferi by PGR 
assay of the bladder and assay of the isolate itself. 
TRANSMISSION BETWEEN CO-FEEDING IXODES SCAPULARIS 
IMMATURES 
M.m. 4-6 were used to determine if uninfected tick larvae could become 
infected by feeding next to infected nymphs (Table 5). Although the results 
were negative, the transmission from an infected tick feeding adjacent to an 
uninfected tick warrants further investigation, especially when hosts are heavily 
infested by ticks as is often the case with skinks (Rogers 1953, Lavender 1985, 
Oliver et al. 1993a). This mode of transmission, although uncommon, may 
occur. Recovery of insufficient numbers of ticks originally fed on the inoculated 
P. gossypinus mice (EG1M 1-12) prevented representative sampling of these 
ticks to ensure infection with B. burgdorferi. It is possible that the nymphs 
which fed adjacent to the larvae in these experiments were not infected with B. 
burgdorferi. 
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CULTURE AND PGR ASSAY FOR BORRELIA BURGDORFERI FROM 
LIZARDS AND TICKS 
CULTURE 
Prior attempts to isolate spirochetes from lizard organs failed. In those 
attempts, other bacterial species present mutiplied rapidly in the medium. Also, 
severe contamination problems from bacteria and fungi had been experienced 
when attempting to isolate from ticks. Therefore, no isolation attempts were 
made from lizard tissues or from ticks because of contamination problems and 
small sample sizes (Table 2) in most portions of this study. 
POLYMERASE CHAIN REACTION (PCR) 
The inconsistent PCR results are difficult to understand. Despite 
repeated assays of many samples, unexpected results were obtained. Some 
samples that yielded spirochetes when cultured were negative when the 
spirochetal isolate was assayed by PCR (Table 4). The PCR mixture, primers, 
and controls were all functioning properly, as evidenced by the agarose gels 
which showed expected results from the DNA size standards and positive and 
negative controls (Figures 1 - 3). There are several factors that may have 
influenced the results of the assays, including low spirochete numbers within 
the hosts or within specific tissues. Armstrong et al. (1992) showed that, within 
cardiac tissue, spirochetes had a predilection for connective tissue in the heart 
base. Although attempts were made to include tissue from this area when 
dissecting the heart for culturing and preservation for PCR, it is possible that 
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tissue with a low number of spirochetes could have been preserved. In ticks, 
Piesman et al. (1990) reported that the number of spirochetes decreased 
approximately 9-fold after they molted from larvae to nymphs. If spirochetes 
were at a low number when the ticks fed as larvae, the number probably was 
further reduced after molting to nymphs. This would reduce the probability of 
detecting spirochetes by culture or by PGR assay. 
Alteration of the spirochetal DNA may have prevented the PGR primers 
from recognizing necessary base pairs and may have prevented multiplication 
of the DNA. Plasmid modification and hybridization have been shown to occur 
in B. burgdorferi when cultured in vitro with cells from /. scapularis ticks 
(Munderloh et al. 1993). Anderson et al. (1989) showed antigenically variable 
B. burgdorferi isolates from cottontail rabbits and /. dentatus. Oliver et al. 
(unpublished) have shown variability in newly isolated strains of B. burgdorferi. 
In the case of negative results by PGR assay of vertebrate preserved organs, 
alteration of the DNA targeted by the PGR primers was probably caused by 
preservation methods. Positive results were not obtained from organ samples 
preserved in 10% buffered formalin from the EG1 Mice. This was disturbing, 
especially since spirochetes were obtained from the other half of some of these 
same organs. The organs were preserved in a 10% buffered formalin solution 
which was, at the time, the preservative method recommended for PGR 
analysis. It is no longer recommended unless the tissue is to be assayed soon 
after preservation. Ironically, the formalin solution may have altered the DNA of 
the spirochetes, possibly making the PGR assay negative, especially if the 
spirochetes were in extremely low numbers (Francis W. Chandler, personal 
communication). In the case of PGR analysis of the ticks, similar negative 
results occurred. Representative samples of ticks from the EG1 Mice that were 
25 
subsequently fed on the M.m. 1-3 group were negative by PCR assay, despite 
the infection of M.m. 3 by at least one tick from this same group. 
The use of multiple primers has recently been shown to be effective in 
confirming spirochetal isolates for some strains of B. burgdorferi (Oliver et al., 
unpublished). After further research on a molecular level is performed with 
some of the newly isolated strains of B. burgdorferi, PCR primers more suitable 
for these particular isolates may be developed and, if so, should provide 
consistent results. This may be particularly true for isolates from the 
southeastern United States. A low infection rate of the tissues might explain 
the extremely light banding of the DNA in the agarose gels (Figures 2, 3). 
Normal banding of samples for the 370-bp band is considerably more distinct, 
usually as distinct as the size standard and the 370-bp band of the positive 
control as exhibited in gels by Oliver et al. (1993b) and McGuire et al. (1992). 
An attempt to concentrate the PCR-amplified product by using vacuum 
centrifugation was made by me towards the end of the runs of gels of PCR 
products. This produced a total volume of slightly greater than 10 ml (the 
volume of product from the PCR assay used in the gels). This was done in an 
attempt to draw off the PCR mixture in the centrifuge tube and leave 
concentrated DNA. It was from these vacuum centrifuged tubes that the 
positive PCR results were obtained (Figures 2, 3). Perhaps if this technique 
had been implemented earlier, some of the negative specimens may have 
tested positive, but at extremely low levels. The light banding of the positive 
PCR samples, including the bladder from M.m. 3 which was positive only on the 
second PCR attempt, supports this suggestion. Another modification that may 
have helped is that if the gel thickness had been increased, with a respective 
increase in volume of PCR product used for electrophoresis, more distinct 
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banding may have occurred. Another technique to increase the amount of DNA 
amplified product may be to increase the number of cycles on the DNA thermal 
cycler, perhaps from 30 cycles to 45 or 60. In cases of low infection an 
increase in number of cycles may be necessary. The fact that one half of some 
organs were positive by culture, while the other half of the same organs yielded 
negative PGR results (Table 4), indicates there were problems in the protocol 
used in this research. 
The negative results of the PGR assay of lizard organs do not 
conclusively indicate that lizards are unable to act as reservoir hosts to the 
Lyme disease spirochete. A number of factors, including the extremely variable 
properties of lizard blood, the antigenic variability of spirochetes and the chance 
of low spirochete numbers in tissues preserved for PGR assay in 10% buffered 
formalin, could have produced these negative results. The extreme variability 
of the properties of lizard blood may play an important role in the ability of a 
lizard to support (or suppress) a parasite. It is possible that a lizard could 
acquire and sustain an infection at temperatures other than those used in this 
experiment. Every effort was made to keep the lizards at the average ambient 
temperature and humidity that simulated field conditions for the southeastern 
region and season of the study. Factors such as seasonal variation, age of 
hosts, and degree of earlier infestation by nymphal ticks influenced spirochetal 
infectivity in the bank vole in Europe (Talleklint et al. 1993). Seasonal variation 
may have been a crucial factor in this study, notwithstanding attempts to 
maintain the lizards near normal temperatures for this region and period. 
Attempts to provide heat lamps for the lizards to thermoregulate proved 




The SI-4 strain of B. burgdorferi, isolated from naturally infected I. 
scapularis from Georgia is infectious to P. gossypinus and M. musculus mice. 
Ixodes scapularis larvae can acquire the spirochete by feeding on infected 
mice, maintain the infection through the larval molt, and transmit the spirochete 
by feeding on another mouse. The role of skinks in the enzootiology of B. 
burgdorferi remains unclear. 
If skinks are not suitable reservoirs, they may reduce the number of 
spirochetes cycling in nature, thereby lowering infection rates of B. burgdorferi 
in other hosts. The possibility of skinks serving as Lyme disease spirochete 
"sinks," as opposed to reservoir hosts, may play a role in the Lyme disease 
scenario in skink-endemic areas. Regardless of whether skinks serve as 
spirochete reservoirs, their importance as hosts to large numbers of immature 
ticks impacts tick population size and thus Lyme disease epidemiology in areas 
in which there are large skink populations. 
Recent work by Levin et al. (1993) in North Carolina indicates that 
Eumeces inexpectatus, the southeastern five-lined skink, can be infected with 
B. burgdorferi. As many as 23% of ticks feeding on this skink may be infected. 
Anolis carolinensis, the green anole, can be infected by B. burgdorferi, also, 
although at a considerably lower infection rate than E. inexpectatus (Levin et al. 
1993). These isolations from lizards were only possible through extensive 
manipulation of antibiotics in the culture medium to reduce contaminating 
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bacteria and fungi. These procedures had not been published at the time of 
this study and thus lizard organ cultures were not considered feasible. 
Infestation of skinks by immature /. scapularis ticks (Rogers 1953, 
Lavender 1985, Oliver et al. 1993a), the demonstrated vectorial capacity of /. 
scapularis (Burgdorfer & Gage 1986, Piesman & Sinsky 1988, Oliver et al. 
1993c) and the occurrence of naturally infected I. scapularis in Georgia (Oliver 
et al. 1993c), along with the preliminary findings of Levin et al. (1993), 
emphasize the need for further research on skinks and their possible role as 
reservoirs to B. burgdorferi. It is hoped that information obtained during this 
study may assist future researchers to answer this question. 
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TABLE 1. Peromyscus gossypinus weights and inoculation regimes 
Animal No. Weight (gm) Injection volume (ml) 
EG1M 1 18.60 0.5 
EG1M 2 16.58 0.5 
EG1M 3 17.40 0.5 
EG1M 4 34.56 0.5 
EG1M 5 28.56 0.5 
EG1M 6 29.84 0.5 
EG1M 7 30.89 0.5 
EG1M 8 27.54 0.5 
EG1M 9 18.50 0.25 
EG1M 10 18.92 0.25 
EG1M 11 20.85 0.25 
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TABLE 3. Average temperature (0C) and photoperiod (h) March - June for 
Savannah, GA 
Daytime Nightime Photoperiod 
Month oc 0C L:D 
April 30.6 14.4 13:11 
May 35.2 19.4 13.8:10.2 
June 38.2 24.2 14:10 
July 38.2 22.1 14:10 
































































0) a 0 0 0 0 0 0 0 0 0 0 
> > > > > > > > > > > > 
"5 "co CD CD "5 "5 To m m CO "5 CD CD CD CD CD CD CD CD CD O) CD CD CD 
a> 0 0 0 0 0 0 0 0 0 0 0 c c C C C C C c c c C C 
X3 CO u_ 
*- "O ■a 
0 CO 0 0 
"co 0 0 0 0 CO 0 "cO "co 
c > > > > 0 _c c c 
E 'co CO CO w 0 > 0 E E 
3 o o o O ~o 2 




























CO CO CO CO CO CD CO CO w. k_ 
CO co CD CO CD — CD CD 
0 0 0 0 0 CD 0 0 
CD CD_ 
"ca m <D 
o ID CO LD C\J in C\J CO CM CNJ CNJ 
CNJ CO "tf un CD r- co a> 
2 ZZ s :> T— T— T— T  i— 1— i— ■>— i— 
a CD o CD CD CD CD o CD 
LLt LU LU LU LU LU LU LU LU 
o o 
o - C\J 
2 
5 o 5 






















































































































(1) CD <D CD 0 
> > > > > > 
CO "5 CD 03 "5 CO 
O) CD o> CD O) CD 
Q> <D Q) a o 0 
c C C c c c 
0 0 0 0 0 0 
> > > > > > ' 1 - 
CO CO CO CO CO CO 
O) CD a> O) CD CT) 
0 0 0 0 0 0 
c C c c c c 
u_ V 
0 0 0 (D 0 
"a -o T3 "D "O 
"a ■D "O 0 ■D "O 
CO CO CO u CO CO 
_Q _o E XI JO 
co" <a CO -Q w" CO _C0 CO 03 CO 03 CO 
















































"O "O "a 
"O T3 ■o 
CO CO co 
JD _Q _Q 
co" co" co" w 
CO CO CO 



























Figure 1. Polaroid photograph of agarose gel electrophoresis of PCR products 
amplified with primers for the conserved chromosomal gene of Borrelia 
burgdorferiUom Peromyscus gossypinus mice injected with the SI-4 
strain ofS. burgdorferi. Lane 1, DNA size standards; lane 2, B. 
burgdorferi B-31 (positive control); lane 3, sterile deionized water 
(negative control); lane 4, EG1M7 kidney; lane 5, EG1M8 heart; lane 6, 
EG1M8 bladder; lane 7, EG1M8 spleen; lane 8, EG1M9 heart. DNA 
base pairs for reference are listed at far left, with lane numbers at top. 
The 370-bp band of B. burgdorferi is labeled at right. 
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Figure 2. Polaroid photograph of agarose gel electrophoresis of PGR products 
amplified with primers for the conserved chromosomal gene of Borrelia 
burgdorferi. Lane 1, DNA size standards; lane 2, B. burgdorferi B-31 
(positive control); lane 3, sterile demineralized water (negative control); 
lane 4, EG1M3 isolate; lane 5, M.m.3 isolate (ears); lane 6, M.m.3 
bladder tissue; lane 7, EG1M2 isolate (ears); lane 8, EG1M12 kidney 
tissue; lane 9, EG1M12 bladder; lane 10; blank. Kidney and bladder 
tissue from EG1M12 are from carcasses removed from freezer. DNA 
base pairs for reference are listed at far left, with lane numbers at top. 








Figure 3. Polaroid photograph of agarose gel electrophoresis of PGR products 
amplified with primers for the conserved chromosomal gene of Borrelia 
burgdorferi irom Peromyscus gossypinus mice injected with the SI-4 
strain ofS. burgdorferi. Lane 1, DNA size standards; lane 2, B. 
burgdorferi B-31 (positive control); lane 3, sterile deionized water 
(negative control); lane 4, EG1M5 isolate (ears); lane 5, EG1M11 isolate 
(ears); lane 6,7,8, blank. DNA base pairs for reference are listed at far 
left, with lane numbers at top. The 370-bp band of B. burgdorferi is 
labeled at right. 
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2 3 4 5 6 7 8 
bp 
1353 
1078 
872 
603 
310 
370 
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